Epidermal growth factor receptor (EGFR), ErbB-2, and ErbB-4 are members of the type 1 receptor tyrosine kinase family. Overexpression of these receptors, especially ErbB-2 and EGFR, has been implicated in multiple forms of cancer. Inhibitors of EGFR tyrosine kinase activity are being evaluated clinically for cancer therapy. The potency and selectivity of these inhibitors may affect the efficacy and toxicity of therapy. Here we describe the expression, purification, and biochemical comparison of EGFR, ErbB-2, and ErbB-4 intracellular domains. Despite their high degree of sequence homology, the three enzymes have significantly different catalytic properties and substrate kinetics. For example, the catalytic activity of ErbB-2 is less stable than that of EGFR. ErbB-2 uses ATP-Mg as a substrate inefficiently compared with EGFR and ErbB-4. The three enzymes have very similar substrate preferences for three optimized peptide substrates, but differences in substrate synergies were observed. We have used the biochemical and kinetic parameters determined from these studies to develop an assay system that accurately measures inhibitor potency and selectivity between the type 1 receptor family. We report that the selectivity profile of molecules in the 4-anilinoquinazoline series can be modified through specific aniline substitutions. Moreover, these compounds have activity in whole cells that reflect the potency and selectivity of target inhibition determined with this assay system.
The type 1 receptor tyrosine kinase family contains four members, epidermal growth factor receptor (EGFR 1 or ErbB-1), ErbB-2, ErbB-3, and ErbB-4 (reviewed in Ref. 1). These receptors consist of an extracellular ligand binding domain, a single transmembrane domain, an intracellular tyrosine kinase catalytic domain, and a tyrosine-rich cytoplasmic tail. The biological activity of these receptors is mediated through the following signal transduction mechanism. A complex pattern of ligand/receptor interactions results in the formation of homoand heterodimers among type 1 receptor family members. Dimerization activates the catalytic domains and allows one receptor monomer to phosphorylate tyrosine residues on the cytoplasmic tail of the other monomer in the pair. Phosphorylation of tyrosine residues on the cytoplasmic tail creates specific binding sites for Src homology 2 or phosphotyrosine binding domain containing proteins. The recruitment of these proteins to the receptor activates signal transduction pathways that produce the response of the cell to the ligand. EGFR, ErbB-2, and ErbB-4 all possess active tyrosine kinase catalytic domains. ErbB-3 is catalytically impaired (2) , but it is biologically active because it can form heterodimers with the other family members.
Members of the type 1 family of receptors have been implicated in cancer. Specifically, overexpression of ErbB-2 and EGFR is correlated with poor prognosis and reduced overall survival (3) . The role of ErbB-3 and ErbB-4 in cancer is not as well described. In pre-clinical models of tumor formation, however, co-expression of these receptors with EGFR or ErbB-2 results in a more aggressive transformed phenotype (4, 5) . The therapeutic potential of the type 1 receptors as targets has been clinically proven for ErbB-2 through the use of Herceptin TM , an anti-ErbB-2 antibody (6) . Inhibitors of the tyrosine kinase activity of EGFR have demonstrated pre-clinical activity in animal tumor models and are being evaluated clinically (7) .
The design and discovery of future generations of kinase inhibitors directed at the type 1 receptor family are progressing at a rapid rate (8) . The catalytic domains of these receptors have very similar amino acid sequences, and it is likely that some inhibitors will affect more than one member of the family. A clear understanding of how these molecules affect the different type 1 receptors is necessary to interpret biological effects and develop the structure-activity relationships of inhibitor enzyme selectivity. Biochemical characteristics of the enzyme assay system such as substrate kinetics and concentration, peptide substrate sequence, and enzyme activation state can significantly influence the apparent affinity of a kinase inhibitor. For this reason it is important to have well characterized enzyme and assay systems for inhibitor analysis.
We describe the expression and purification of the intracellular domains of EGFR, ErbB-2, and ErbB-4 using a baculovirus system. We have directly compared several biochemical properties of the enzymes including steady-state substrate kinetics, metal preferences, and peptide substrate selectivity. We also report that the three enzymes are significantly different in * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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EXPERIMENTAL PROCEDURES
Cloning-Recombinant baculoviruses expressing the intracellular domains for each family member were made from full-length human clones by PCR. During PCR, oligonucleotides were used that introduced restriction sites for subcloning as follows: for EGFR (GenBank TM accession number X00588), amino acids 671-1210 with StuI, XbaI ends; for ErbB-2 (GenBank TM accession number X03363), amino acids 691-1255 with XbaI, HindIII ends; and for ErbB-4 (GenBank TM accession number L07868), amino acids 690 -1309 with NotI, XbaI ends. All constructs were fused to an N-terminal His 6 tag (MKKGHHHHHHG) and subcloned into pFastBac (Invitrogen). Each construct was verified by DNA sequence analysis. The recombinant baculoviruses were made following Bac-To-Bac TM baculovirus expression system manual (Invitrogen), which utilizes the method developed at Monsanto/Searle (9) .
Fermentation-Large scale (2-liter) virus preparations for fermentation were made by infecting Spodoptera frugiperda (Sf-9) cells in 6-liter shake flasks at 27.5°C and 120 rpm at a multiplicity of infection ϭ 0.1. The virus-containing culture supernatants were harvested at 72 h post-infection via centrifugation at 2500 rpm for 20 min. Viral titers were determined via enzyme-linked immunosorbent assay. A 36-liter stirred bioreactor (University Research Glassware vessel outfitted with overhead stirrer, internal dip tubes, and heat-transfer coil) was inoculated with Trichoplusia ni (T. ni) cells (kindly obtained from JRH Biosciences, Woodland, CA) at ϳ0.5 ϫ 10 6 cells per ml. The culture was grown in Excell 405 TM insect cell medium (JRH Biosciences) containing 50 g/ml gentamicin (Invitrogen). The fermentor was maintained at 27.5°C, 30 rpm using a paddle-type impeller and 50% dissolved oxygen via sparging. Cells were allowed to double overnight, and the culture was infected at a density of ϳ1 ϫ 10 6 cells per ml at a multiplicity of infection ϭ 1. The culture was monitored daily for pH, glucose, lactate, glutamine, cell count, and viability. Infection was allowed to proceed at the above parameters. Cells were harvested 48 h post-infection with a Centritech 100 continuous flow centrifuge (DuPont). Concentrated cells were centrifuged at 2000 rpm for 20 min and washed with protease inhibitor buffer (1ϫ Dulbecco's phosphate-buffered saline (Invitrogen), 1 mM EDTA (Sigma), 1 mM p-aminobenzamidine (Sigma), 1 g/ml aprotinin (Roche Molecular Biochemicals), 1 g/ml leupeptin (Roche Molecular Biochemicals)). Cells were spun again at 2000 rpm for 20 min and quick frozen in dry ice/ethanol after discarding the supernatant.
Purification-The buffers used in this purification include the chelating Sepharose buffers as follows: buffer A, 25 mM HEPES, pH 7.5, 750 mM NaCl, 10% glycerol; buffer B, buffer A ϩ 0.5 M imidazole. The following homogenization buffer was used: buffer A ϩ 25 mM imidazole (5% buffer B). The following hydroxyapatite buffers (HA) were used: buffer C, 20 mM HEPES, 20 mM NaH 2 PO 4 , pH 6.8, 10% glycerol; buffer D, buffer C ϩ 200 mM NaH 2 PO 4 , pH 6.8. The following hydrophobic interaction chromatography buffers (HIC) were used: buffer E, 20 mM Tris-HCl, pH 7.5, 0.6 M (NH 4 ) 2 SO 4 ; buffer F, 20 mM Tris-HCl, pH 7.5, 10% glycerol.
Frozen cell paste was thawed by resuspending the cells in homogenization buffer supplemented with a protease inhibitor mixture (Sigma), 1 mM MgCl 2 , and 5 g/ml of DNase I and RNase. Cells were lysed using a Polytron homogenizer (Brinkmann Instruments), and the resulting lysate was spun at 30,000 ϫ g for 1 h to remove insoluble proteins and cell debris. The supernatant was filtered through 0.45-m filters and applied to a chelating Sepharose (Amersham Biosciences) column previously equilibrated in homogenization buffer. After loading, the column was rinsed with homogenization buffer until the A 280 reached base line. The column was then washed with 10% buffer B to remove any nonspecifically bound proteins and eluted with a 20-column volume linear gradient to 100% buffer B. Fractions were tested for peptide substrate phosphorylation as described below. Active fractions were pooled and diluted 8-fold in buffer C and applied to a Ceramic HA (Bio-Rad) column previously equilibrated in buffer C. After washing, the column was eluted using a linear gradient to 100% buffer D. Active fractions were pooled and brought to 0.6 M (NH 4 (10) . Peptide B (biotin-(aminohexanoic acid)-GGMEDIYFEFMGGKKK-CONH 2 ) was optimized for ErbB-2 phosphorylation in a similar fashion (11) . Peptide C (biotin-(aminohexanoic acid)-RAHEEIYHFFFAKKK-CONH 2 ) was optimized for phosphorylation by ErbB-2 (12) . All peptides were synthesized by Quality Controlled Biochemicals Inc., Hopkinton, MA. The concentrations of dissolved peptide stocks were determined by amino acid analysis. Enzymatic reactions were initiated by adding 1 pmol (20 nM) per reaction of the indicated type 1 receptor intracellular domain unless otherwise indicated. Reactions were terminated after 10 min at 23°C by adding 45 l of 0.5% phosphoric acid in water. 75 l of the terminated reaction mix was then transferred to MAPH phosphocellulose filter plates (Millipore, Marlborough, MA). The plates were filtered and washed three times with 200 l of 0.5% phosphoric acid. 50 l of scintillation mixture (Optiphase by Wallac, Turku, Finland) was added to each well, and the assay was quantified by counting in a Packard Topcount (Packard Instrument Co.).
Kinase Selectivity Assays-The catalytic domains of vascular endothelial growth factor receptor 2 (VEGFR2), c-Fms, c-Src, and protein kinase C (PKC) were expressed and purified using methods similar to those described for ErbB-2, ErbB-4, and EGFR. Kinase assays were performed as described above with the following modifications. c-Fms assays contained 10 nM enzyme, 50 mM MOPS, pH 7.5, 10 mM MgCl 2 , 20 M ATP, and 200 M peptide A. The reaction was allowed to proceed for 30 min, terminated, and quantified as described above. VEGFR2 assays contained 10 nM enzyme, 100 mM HEPES, pH 7.5, 0.1 mg/ml bovine serum albumin, 0.1 mM dithiothreitol, 360 nM peptide A, 75 M ATP, and 5 mM MgCl 2 . The reaction was allowed to proceed for 40 min. Product was detected using a homogeneous time-resolved fluorescence procedure (13) . Briefly, the reactions were quenched by adding 100 l of 100 mM HEPES, pH 7.5, 100 mM EDTA, 45 nM streptavidin-linked allophycocyanin (Molecular Probes, Eugene, OR), and 3 nM europiumconjugated anti-phosphotyrosine antibody (Wallac, Turku, Finland). The product was detected using a Victor plate reader (Wallac, Turku, Finland) with a time delay at 665 nm. c-Src assays contained 0.4 nM enzyme, 100 mM HEPES, and 100 nM peptide substrate (biotin-(6-aminocaproic acid)-AAAQQIYGQI-NH 2 ). The reaction was allowed to proceed for 40 min, and the product was detected using the homogeneous time-resolved fluorescence procedure. PKC assays contained 5 nM enzyme, 50 mM MOPS, pH 7.3, 10 mM MgCl 2 , 1 M ATP, 0.125 Ci/well [␥-
33 P]ATP, 5 M peptide (biotin-(aminohexanoic acid)-FKLKRKGS-FKKFA-CONH 2 ). The reaction was allowed to proceed for 40 min, terminated, and quantified using a scintillation proximity assay procedure as described (14) .
Cellular Inhibition Assays-HN5 cells were cultured in low glucose Dulbecco's modified Eagle's medium containing 10% (v/v) fetal bovine serum. BT474 cells were cultured in RPMI containing 10% (v/v) fetal bovine serum. Test compounds were prepared as 5 mM stocks in Me 2 SO, and stocks were diluted to 1000ϫ test concentrations in Me 2 SO. Cells were dosed with compounds diluted in the appropriate growth medium. After incubating with compounds for 6 h, cells were rinsed with ice-cold phosphate-buffered saline and were lysed in RIPA (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 0.25% deoxycholate, 0.1% Nonidet P-40) containing protease inhibitor mixture (Roche Molecular Biochemicals) and 1 mM sodium orthovanadate. Cells were scraped and transferred to microcentrifuge tubes for sonication and microcentrifugation. EGFR was immunoprecipitated from 0.25 mg of HN5 lysate using 1 g of anti-EGFR Ab-13 (Lab Vision). ErbB-2 was immunoprecipitated from 0.25 mg of BT474 lysate using 0.5 g of anti-c-Neu Ab-3 (Oncogene Research Products). Immune complexes were precipitated using 50 l of protein G Plus/protein A-agarose suspension (Calbiochem) and were resuspended in Laemmli sample buffer. Equal volumes of each sample were loaded onto duplicate NOVEX gels (Invitrogen) for electrophoresis and Western blot analysis. Phosphorylated receptors were detected using anti-Tyr(P) clone PT66 (Sigma) diluted 1:5000 in TBST (150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 0.1% (v/v) Tween 20) containing 4% (w/v) bovine serum albumin (Blocking Buffer). Total EGFR was detected using anti-EGFR Ab-12 (Lab Vision) diluted 1:5000 in Blocking Buffer, and total ErbB-2 was detected using anti-c-Neu Ab-3 (Oncogene Research Products) diluted 1:5000. SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) was used for detection. Films were scanned on a Bio-Rad Fluor-S Multi-Imager, and bands were quantified by densitometric analysis.
Data Analysis-Initial rates were determined by measuring the amount of phosphorylated peptide formed in 10 min, since this time period produced adequate amounts of product for all three enzymes and was within the linear portion of the reaction progress curve. Three experiments were performed for all kinetic studies, and the average data were globally fit to the equations described under results. Nonlinear regressions were conducted using the program Sigma Plot (Jandel Scientific, San Rafael, CA).
RESULTS
Enzyme Expression and Purification-The intracellular domains of EGFR, ErbB-2, and ErbB-4 were cloned into a baculovirus expression system (see "Experimental Procedures"). The first purification step for each enzyme was nickel chelate affinity chromatography. Further purification was performed using ceramic hydroxyapatite chromatography (HA) followed by HIC (see under "Experimental Procedures"). The protein eluting from HIC was analyzed for purity by SDS-PAGE ( Fig.  1 ). Each protein migrated as predicted from its molecular weight. We estimate the purity of these samples to be (Ն95%). The identity of each enzyme was confirmed by N-terminal sequencing (data not shown).
For each enzyme, analysis of the activity following chelating Sepharose revealed it was devoid of any contaminating kinase activities and had kinetic characteristics identical to the pure enzyme (data not shown). Because additional purification steps resulted in a significant loss in yield, we used enzyme purified through the chelating Sepharose stage for the remainder of our studies. Typical protein yields from fermentation after chelating Sepharose were 4 mg/liter for ErbB-2, 6 mg/liter for ErbB-4, and 10 mg/liter for EGFR.
Time Course of Substrate Phosphorylation-The kinase activity of the purified type 1 receptor intracellular domains was evaluated by measuring the phosphorylation of an exogenous peptide substrate (see "Experimental Procedures"). The production of product as a function of time is shown in Fig. 2 . In this experiment the amount of product formed is less than 10% of the total substrate available for all three enzymes. Therefore, the observed decrease in the rate of the reaction as a function of time is not due to substrate consumption. The experiment was analyzed by fitting the data to a model of single exponential enzyme decay (Equation 1).
In Equation 1, v represents the initial rate of product (P) formation that decays at a rate (k) over a period of time (t).
EGFR was linear over the course of the experiment (v ϭ 0.5 pmol/min, k ϭ 0). ErbB-2 and ErbB-4 had higher initial rates but demonstrated significant decay as follows: ErbB-2, v ϭ 0.85 pmol/min, k ϭ 0.014/min; ErbB-4, v ϭ 1.25 pmol/min, k ϭ 0.007/min. Approximately 10% of the total enzyme has lost activity in 10 min at the calculated rates of ErbB-2 and ErbB-4 decay. All subsequent experiments, therefore, were terminated at 10 min to obtain a good estimate of the initial rate. We have found that purified ErbB-2 is highly stable when maintained in a concentrated solution, even at room temperature. However, the enzyme rapidly loses activity upon dilution. These observations suggest that enzyme inactivation after dilution results from alterations in the tertiary structure of the enzyme or alterations in its aggregation state. Our observations are consistent with previous results demonstrating that aggregation of the EGFR catalytic domain significantly affects the rate of catalysis (15, 16) .
Divalent Cation Preferences-The interaction between protein kinases and divalent cations is complex. All phosphotransferases require a divalent cation that coordinates the phos- phate groups of the nucleotide triphosphate substrate (17) . Kinases have a similar requirement, but they also have an additional site of interaction that can be distinguished from the primary site by affinity. Kinases can be activated or inactivated by binding of a cation to this second site depending upon the specific kinase and identity of the cation (18, 19) . The effect of divalent cation concentration on the rate of peptide substrate phosphorylation catalyzed by the type 1 receptor kinases is shown in Fig. 3 . The type 1 receptor kinases are different with respect to their ability to utilize Mg 2ϩ . ErbB-2 is almost inactive in the presence of Mg 2ϩ , whereas EGFR and ErbB-4 can use this cation efficiently (Fig. 3A) . Another key difference is the optimum concentration of Mn 2ϩ used by each enzyme (Fig.  3B ). In this experiment ATP was held constant at 10 M. Under these conditions any concentration of cation above 10 M is essentially free from bound nucleotide. Peak activity for ErbB-2 was observed at 2 mM Mn 2ϩ . ErbB-4, on the other hand, exhibits optimal activity at 0.2 mM Mn 2ϩ , and EGFR exhibits optimal activity at 0.6 mM Mn 2ϩ . Presumably these differences reflect different affinities of Mn 2ϩ for binding to the second cation site.
To evaluate further the interaction between the type 1 receptor kinases, ATP, and divalent cations, we determined the apparent K m and V max values for ATP-Mg and ATP-Mn at a fixed concentration of peptide C (Fig. 4) . These experiments were performed at a concentration of free Mg 2ϩ or Mn 2ϩ equivalent to the optimum concentration determined in the experiment shown in Fig. 3 . ATP-Mg and ATP-Mn titrations were performed in parallel, and the reactions were initiated with the same diluted enzyme mixture to ensure that the results are directly comparable. The substrate kinetic parameters were determined by nonlinear least squares analysis of the averaged Table I . Additional free MgCl 2 or MnCl 2 was added to the reaction mix at the optimal concentration determined from the experiment shown in Fig. 3 Steady-state Substrate Kinetics-We evaluated the steadystate kinetic parameters of three different peptide substrates for each of the type 1 receptor kinases. Peptide phosphorylation was measured at 8 fixed concentrations of peptide and 12 varied concentrations of ATP-Mn. Autophosphorylation contributes to the overall velocity to a varying extent depending upon the enzyme-peptide substrate pair under evaluation. The contribution of autophosphorylation was eliminated from our analysis by subtracting the amount of product formed in the absence of peptide substrate from the amount formed in the presence of peptide substrate at each concentration of ATP. The results of ErbB-2 phosphorylation of peptide A are shown in Fig. 5A . Reciprocal velocity as a function of reciprocal ATP-Mn concentration was plotted for each fixed peptide concentration. The data were globally fit to the equation for a sequential two-substrate reaction (Equation 3) (20) .
In this equation, v is the measured initial velocity; V is the maximum velocity; A is the concentration of ATP-Mn; B is the concentration of peptide; K ma and K mb are the Michaelis constants for ATP-Mn and peptide, respectively; and K ia is the dissociation constant for ATP-Mn. The kinetic parameters for EGFR phosphorylation of peptide A were determined from the data shown in Fig. 5B . These experiments were performed in parallel with the ErbB-2 phosphorylation of peptide A, but the pattern of the fit of the data reveals significant differences. In the plot of reciprocal velocity as a function of reciprocal ATP-Mn concentration, the different fixed peptide concentrations result in lines that intersect to the left of the vertical axis and well below the horizontal axis. This pattern is indicative of significant negative substrate synergy (21) . A similar pattern was obtained when the reciprocal velocity was plotted as a function of reciprocal peptide concentration (data not shown).
The negative substrate synergy discerned from the Lineweaver-Burke analysis using peptide A is readily apparent from the calculated kinetic parameters (Table II) . The ratio of K ia /K ma is an estimate of the degree of binding synergy between substrates in a two-substrate kinase reaction (22) . If binding of one substrate has no effect on the K m of the other substrate, FIG. 5 . Two substrate steady-state kinetics. Peptide substrate phosphorylation reactions were performed using peptide A and the indicated enzyme. Twelve concentrations of ATP-Mn were used ranging from 1 to 150 M. Seven concentrations of peptide were used ranging from 8 to 500 M. The entire data set was globally fit to Equation 3 , and the kinetic parameters from this fit are summarized in Table II . Reciprocal velocity versus reciprocal concentration of ATP-Mn is plotted for different concentrations of peptide A as follows: q, 500 M; E, 250 M; , 125 M; ƒ, 62.5 M; f, 31.25 M. Only a subset of the total data set was plotted for clarity. A, ErbB-2. B, EGFR.
TABLE I Kinetic parameters for ATP-metal
Peptide substrate phosphorylation reactions were performed using the indicated enzyme and peptide C (50 M). MgCl 2 and MnCl 2 were added at the optimum concentration as indicated. Three experiments were performed for each enzyme substrate combination using the concentration of ATP-metal described for Fig. 3 . The steady-state kinetic parameters were determined by fitting the averaged initial velocity data to Equation 2 (see "Results"). The standard errors of the parameter estimates were all less than 10% of the value shown. (11) observed no substrate synergy for ErbB-2. These two studies are not directly comparable with each other, however, because dissimilar enzyme constructs and different peptide substrates were used. In our work, we have used comparable intracellular domain constructs and identical peptide substrates for EGFR and ErbB-2. Our results confirm the substrate synergy observations made by Posner et al. (23) and Jan et al. (11) and suggest that the presence or absence of negative substrate synergy is an inherent property of the particular type 1 receptor intracellular domain.
Peptide Substrate Selectivity-The catalytic efficiency of an enzyme substrate combination is described by the ratio k cat /K m . This ratio is the best measure for comparison of the efficiency of product formation catalyzed by related enzymes. It also captures the effects of substrate molecular structure on either kinetic constant. Thus, the ratio is a good measure of different substrate selectivity for the same enzyme (24) . The kinetic parameters for all three enzymes and all three peptides were determined, and the k cat /K mb ratios were calculated (Table II) . Peptide A was optimized for phosphorylation by EGFR (10). Peptide B was optimized for phosphorylation by ErbB-2 (11). Peptide C was also optimized for phosphorylation by ErbB-2 (12).
All three enzymes phosphorylated peptide A with similar efficiency (k cat /K mb Х100 M Ϫ1 s Ϫ1 ). Peptide B was a better substrate for EGFR, ErbB-2, and ErbB-4 even though it was optimized for phosphorylation by ErbB-2. Jan et al. (11) analyzed the kinetics of ErbB-2 phosphorylation of peptide B at a single fixed concentration of ATP (50 M) and found a k cat / K mb(app) of 309 M Ϫ1 s Ϫ1 . We varied each substrate at several fixed concentrations of second substrate and obtained kinetic parameters by globally fitting the entire data set. We determined k cat /K mb to be 235 M Ϫ1 s Ϫ1 for the ErbB-2 peptide B combination. Our result is similar to that reported by Jan et al. (11) because ErbB-2 exhibits very little substrate binding synergy. The k cat /K mb for peptide C was better than peptides A or B for all three enzymes. This effect was primarily K mb -mediated.
The three peptide substrates are used with vastly different efficiencies ranging from the EGFR peptide A combination (k cat /K mb ϭ 73) to the ErbB-4 peptide C combination (k cat /K mb ϭ 2500). However, all three kinases select the three peptide substrates with the same rank order of k cat /K mb ; peptide A Ͻ peptide B Ͻ peptide C. By this criterion, the different members of the type 1 receptor family have very similar downstream substrate preferences.
Inhibitor Potency and Selectivity-Members of the 4-anilinoquinazoline class of compounds have been shown to be potent tyrosine kinase inhibitors (25). Many molecules in this class have been shown to inhibit EGFR (26) . These molecules bind in the ATP-binding pocket and compete with this substrate. EGFR, ErbB-2, and ErbB-4 have very similar catalytic domains, so members of this class of kinase inhibitors may affect more than one member of the type 1 receptor family.
A representative set of compounds was selected to demonstrate key structure-activity relationships in the optimized assay system for the type 1 receptor kinases (Table III) . The design and synthesis of these compounds has been fully described elsewhere (27) . The aniline modifications to a core 6,7-dimethoxyquinazoline were previously shown to affect dramatically the tyrosine kinase inhibition profile (26) . Of the type 1 receptor family members, the inhibition of EGFR appeared to be the least affected by the aniline changes. The range of EGFR IC 50 values was less than 5-fold, despite the broad size of the aniline substitutions. The 4-(3-hydroxyanilino)-substituted quinazolines (compounds 1 and 2) showed general tyrosine kinase inhibition. When the hydroxyl of compound 1 was replaced with a 3-methoxyl group (compound 3), a significant loss in inhibition of VEGFR2 was observed, but the compound retained a similar type 1 receptor inhibition profile. AG1478 (compound 4) demonstrated the reported profile with a marked potency against EGFR (28) . Bulky aniline substituents, represented by compounds 5-8, confer improved potency against ErbB-2 while retaining EGFR inhibition. The benzyloxyaniline (compound 5) and halogenated benzyloxyaniline (compound 6) substituents appeared to confer significant selectivity for dual inhibition of EGFR and ErbB-2 compared with the other kinase enzymes tested.
Intracellular Inhibition of EGFR and ErbB-2-The ability of potent dual ErbB-2/EGFR inhibitors to block receptor autophosphorylation in whole cells was analyzed in two cell lines, HN5 and BT474 (Fig. 6 ). HN5 cells overexpress EGFR (29) , and BT474 cells overexpress ErbB-2 (30) . Logarithmically growing cells were incubated with various concentrations of the indicated compound for 6 h. The cells were lysed and the indicated receptor was captured by immunoprecipitation. The relative receptor content was determined by immunoblot with a separate anti-receptor antibody, and the state of phosphorylation Peptide substrate phosphorylation reactions were performed using the indicated enzyme and peptide substrate. Substrate concentrations were varied as described for Fig. 4 . Three experiments were performed for each enzyme substrate combination. The steady-state kinetic parameters were determined by fitting the averaged initial velocity data to Equation 3 (see "Results"). The standard errors of the parameter estimates are shown.
ErbB
was analyzed by immunoblot with an anti-phosphotyrosine antibody. Treatment of the HN5 cell line with all three compounds did not affect the total EGFR content, but there was a dose-dependent decrease in tyrosine-phosphorylated EGFR (Fig. 6A) . The approximate IC 50 value for inhibition of EGFR for these compounds ranges from 0.5 to 5 M. Similar results were obtained for inhibition of ErbB-2 autophosphorylation in the BT474 cell line (Fig. 6B ).
DISCUSSION
The discovery and clinical development of inhibitors of EGFR catalytic activity is progressing at a rapid rate (7). These molecules are promising for the treatment of tumors that overexpress this receptor. The discovery of dual inhibitors of ErbB-2 and EGFR may be the next step in the progression of this therapeutic approach (31, 32) . The catalytic domains of the active members of the type 1 receptor family are very similar.
TABLE III Structure-activity relationship of quinazoline aniline substitutions
Peptide substrate phosphorylation reactions were performed using peptide A and the indicated enzyme. The indicated compound was serially diluted 1 to 3 and added to the reactions to produce an 11-point dose-response curve ranging from 0.0001 to 10 M. The IC 50 values were estimated from data fit to the equation y ϭ V max ⅐ (1 Ϫ (x/(K ϩ x) ). cFms, VEGFR2, cSrc, and PKC assays were performed as described under "Experimental Procedures." n.d., not determined.
The amino acid sequences of the catalytic domains of EGFR, ErbB-2, and ErbB-4 are 84 -86% identical to one another depending upon the specific comparison. Because of this high degree of similarity, it is possible that compounds designed to inhibit one family member will have some effect on the other receptors. The interpretation of the biological effects of type 1 receptor kinase inhibitors will be enhanced by a detailed understanding of the potency profile of the inhibitor versus all three catalytically active enzymes. The potency of a kinase inhibitor in a biological system depends upon several biochemical properties. These properties include inhibitor K d , substrate identity, enzyme substrate kinetic parameters, enzyme activation state, enzyme reaction mechanism, and inhibitor mode of action.
The evaluation of the biochemical and kinetic properties of members of the type 1 receptor family has been greatly facilitated by the expression and purification of defined domains using baculovirus expression systems. EGFR has been most extensively studied (15, (33) (34) (35) (36) . The catalytic domain is subject to a regulatory mechanism that is driven by the formation of higher order complexes (15, 36) . The divalent metal ion requirement seems to reflect aspects of EGFR catalytic activity associated with the activation state (37) . Autophosphorylation of EGFR does not seem to affect catalytic activity (36) . Biochemical and kinetic properties of human ErbB-2 and the rat homologue, c-Neu, have been characterized using purified baculovirus-expressed proteins (11, 38 -41) . ErbB-2 seems to be similar to EGFR in some respects. A higher order structure such as dimerization was correlated with increased enzyme activity (40, 41) , and divalent metal requirement seems to reflect the activation state (38) . ErbB-3 has been expressed and purified from baculovirus and shown to have impaired tyrosine kinase activity (2) . Purified ErbB-4 has not been characterized in this manner, and little is known about the biochemical and kinetic properties of this protein. Differences in the biochemical properties of the type 1 receptor kinases that influence inhibitor potency and selectivity are hard to determine from the studies described above due to differences in protein construct and experimental design. We have used comparable constructs and identical experimental design to accurately assess similarities and differences between these enzymes.
ATP-Metal Substrate Preferences-Protein kinases have diverse responses to divalent metal concentration. cAMPdependent protein kinase binds ATP in association with one or two Mg 2ϩ ions. The first ion binds with high affinity and coordinates the ␤-and ␥-phosphate of ATP. The second Mg 2ϩ ion binds with lower affinity and coordinates ␣-and ␥-phosphates of ATP (42) . All protein kinases require binding by the first metal ion for activity. The consequences of second metal ion binding vary. The k cat of cAMP-dependent protein kinase is reduced by second ion binding (43) , but the K m value for ATP is decreased. c-Src and C-terminal Src kinase have increased k cat values in response to second site binding, but the K m value for ATP is unchanged (19) . ErbB-2, EGFR, and ErbB-4 all have optimal Mg 2ϩ concentrations far above the concentration bound to ATP (Fig. 3A) . This suggests that Mg 2ϩ occupancy of a second site is required for optimal activity. We cannot determine from these studies, however, if the effect is K m -or k cat -mediated.
Several reports (11, 33, 34, 38) indicate that EGFR and ErbB-2 intracellular domains exhibit a preference for ATP-Mn relative to ATP-Mg. We observe a similar ATP-Mn preference, but the optimal free concentration of Mn 2ϩ is different for each enzyme (Fig. 3B) . For example, ErbB-4 appears to have a 10-fold higher affinity for Mn 2ϩ compared with ErbB-2. This experiment and other published cation preference experiments were conducted at a fixed concentration of ATP, so the kinetic nature of the preference cannot be established. We conducted ATP-metal substrate kinetic studies in the presence of a fixed concentration of free divalent cation equal to the optimal concentration (Fig. 4) . Presumably, the optimal concentration represents equal binding site occupancy for each metal-enzyme pair. This way the true effect of metal identity can be determined rather than a concentration-dependent phenomenon associated with differential metal site occupancy. The k cat /K m(app) is a good overall measure of substrate preference. ErbB-4 and EGFR have very similar k cat /K m(app) values for ATP-Mg and 4-fold higher k cat /K m(app) values for ATP-Mn. The kinetic nature of the preference for ATP-Mn for the enzymes is different, however. EGFR has a similar k cat value for either cation, but ATP-Mn has a significantly lower K m(app) value. The increased ATP-Mn k cat /K m(app) value for ErbB-4 results from an effect on both kinetic parameters. ErbB-2 demonstrates the greatest preference for ATP-Mn. The k cat /K m(app) value is 16-fold higher than for ATP-Mg. This effect is almost entirely k cat -mediated.
It is remarkable that two enzymes as closely related as FIG. 6 . Intracellular inhibition of EGFR and ErbB-2. A, EGFR overexpressing HN5 cells were treated for 6 h with variable concentrations of the indicated compound. The cells were lysed, and EGFR was isolated by immunoprecipitation. A, lower, total EGFR in the sample was determined by Western blot using anti-EGFR antibody. A, upper, tyrosine-phosphorylated EGFR was determined by Western blotting using anti-phosphotyrosine. B, ErbB-2 overexpressing BT474 cells were treated as described for A. Total ErbB-2 and tyrosine-phosphorylated ErbB-2 were detected by Western blot in a similar fashion as in A.
EGFR and ErbB-2 would exhibit such dramatic differences in ATP-metal substrate kinetic parameters. The biggest kinetic contributor to this difference is the very low k cat value for ErbB-2 and ATP-Mg. ATP-Mg is believed to be the natural biological substrate for protein kinases. The inability of ErbB-2 to utilize this substrate suggests that ATP-Mn may mimic a physiologically relevant activation mechanism. Higher order enzyme structure may be one such mechanism that is affected by ATP-Mn (15) .
Steady-state Kinetics-We determined the steady-state kinetic parameters of the type 1 receptor kinases by measuring initial velocities at varied concentrations of both substrates. The plot of reciprocal velocity versus reciprocal ATP-Mn concentration for ErbB-2 at different fixed concentrations of peptide (Fig. 4A ) reveals lines that intersect to the left of the vertical axis near the horizontal axis. This relationship is consistent with a sequential Bi-Bi steady state ordered or a sequential Bi-Bi rapid equilibrium random mechanism. Our results do not distinguish between these two possibilities, but a sequential Bi-Bi rapid equilibrium random mechanism was demonstrated previously for EGFR (23) . An analysis of burstphase kinetics for ErbB-2 demonstrated that chemical catalysis occurs 3-fold faster than the rate-limiting step of the reaction. The rate-limiting step appeared to be ADP release (11) .
A striking feature of our analysis of EGFR is the presence of a strong negative effect of one substrate binding on the affinity of the other. A similar effect was observed in an analysis of EGFR holoenzyme (23) . EGF binding to the holoenzyme significantly reduced the negative substrate binding synergy. Posner et al. (23) hypothesized that ligand binding causes a conformational change that increases the stability of the tertiary enzyme-ATP-peptide complex. Our work was conducted using just the intracellular domain of EGFR. The fact that we observed such significant negative substrate binding synergy suggests that the intracellular domain adopts a confirmation similar to the nonactivated holoenzyme.
Peptide Selectivity-Receptor protein tyrosine kinases have unique peptide substrate specificity, and the specificity of the kinase has been proposed to influence downstream signal transduction events (10) . Substrate specificity is determined by the amino acid sequence within 5 residues on either side of the phosphorylated tyrosine and corresponding side chains in the catalytic domain of the kinase. Single amino acid substitutions within the peptide-binding region of the catalytic domain have been found to effect significantly the peptide substrate amino acid sequence preferences (44, 45) . The type 1 receptor kinases have a number of amino acid sequence differences in the Cterminal lobe that could affect peptide substrate selection. 2 We evaluated the peptide substrate steady-state kinetic parameters for each of the type 1 receptor kinases using three different peptide substrates. One peptide was optimized for phosphorylation by EGFR (10), and two peptides were optimized for phosphorylation by ErbB-2 (11, 12) . It is difficult to compare peptide substrate selectivity for two different enzymes by comparing the K m or k cat values for a single substrate because the intrinsic catalytic capability of the enzymes may differ. Comparison of the k cat /K mb for the three peptides reveals that each enzyme selects the three different peptides with the same rank order: peptide A Ͻ peptide B Ͻ peptide C. The three different type 1 receptor tyrosine kinases, therefore, have very similar peptide-substrate preferences for these three optimized substrates. Other amino acid sequence substitutions around the phosphorylation site or additional protein-protein interactions may still allow differential downstream signaling by these enzymes.
Sensitivity to Kinase Inhibitors and Biological Activity-We have used the purified type 1 receptor intracellular domains, substrates, and kinetic parameters determined above to design an assay system that will allow us to assess accurately the structure-activity relationship of inhibitor potency and selectivity. A variety of inhibition profiles can be obtained within the 4-anilinoquinazoline template. Potent relatively nonselective inhibitors, selective EGFR inhibitors, and selective dual ErbB-2/EGFR inhibitors were characterized. EGFR seems to be the most promiscuous member of the family because relatively small or bulky aniline substitutions retain potent activity. Dual ErbB-2/EGFR inhibition is conferred by bulky aniline substitutions, but these molecules are not as potent versus ErbB-4.
We have used purified intracellular domains to create our type 1 receptor enzyme assay system for practical reasons such as expression level and ease of purification. The biologically relevant forms of the receptors also contain the transmembrane and extracellular domains, and the conformation of these forms might be influenced by ligand binding. We evaluated the effect of kinase inhibitors that we characterized using our assay system in whole cells to determine whether the potency and selectivity that we obtain in the enzyme studies translates to a true biological effect. Inhibitors in this class are competitive with ATP, and our enzyme studies are conducted using relatively low ATP concentrations (10 M) to approximate the compound K i . Therefore, the IC 50 of the inhibitor in whole cells will differ from the enzyme IC 50 due to the higher intracellular concentration of ATP and other unknown factors such as membrane permeability. Three potent dual ErbB-2/EGFR inhibitors were characterized. All three were very effective at specifically reducing both ErbB-2 and EGFR autophosphorylation without affecting receptor levels (Fig. 6) . The enzyme assay system therefore faithfully reflects dual activity in a biological system for ErbB-2 and EGFR inhibitors.
We have characterized the biological activity of a subset of these molecules more completely (31, 32) . The inhibition of receptor autophosphorylation that we observe in tissue culture translates into inhibition of tumor cell proliferation and growth in mouse models. Future compound design and inhibitor analysis may lead to the discovery of different compounds with a variety of type 1 receptor inhibition profiles. The biological evaluation of such molecules should lead to a better understanding of the role of these enzymes in normal and tumor cell growth, and ultimately to improved therapies for patients with cancers that are linked to the type 1 receptor family.
